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Abs t rac t  

Experimental  l a b o r a t o r y  work i s  reviewed f o r  t h e  k i n e t i c s  of 21 n e u t r a l ,  elementary 

r e a c t i o n s  invo lv ing  H ,  OH, H02,  H2, CO, N20, CH4, and N a .  

I n t r o d u c t i o n  

Five y e a r s  ago, a t  t h e  Berkeley Symposium, t h i s  au tho r  p re sen ted  a review of labo- 

r a t o r y  s t u d i e s  of relevant n e u t r a l  r e a c t i o n s  invo lv ing  hydrogen (1). 

paper  w i l l  a t tempt  t o  b r i n g  t h a t  review up t o  d a t e ,  and i t  w i l l  a l s o  b r i e f l y  d i s c u s s  

t h e  r e a c t i o n s  of c e r t a i n  o t h e r  minor c o n s t i t u e n t s ,  n o t  p rev ious ly  covered, a t  t h e  

s u g g e s t i o n  of t h e  o r g a n i z e r s  of t h i s  Symposiumo 

work done a t  t h e  a u t h o r ' s  l a b o r a t o r y ,  and so  is  l i k e l y  t o  be a drab r e c i t a t i o n  of 

expe r imen ta l ly  measured rate parameters. 

corresponding l a c k  of clear t r e n d s  among such rate parameters  is, of cau r se ,  a 

consequence of t h e  g r e a t e r  i n h e r e n t  complexity of n e u t r a l  r e a c t i o n s  whose c r o s s  

s e c t i o n s  are g e n e r a l l y  smaller, energy b a r r i e r s  l a r g e r ,  i n t e r a c t i o n s  weaker, and 

i n t e r m e d i a t e  states less p r e d i c t a b l e  than those invo lv ing  e l e c t r o n s  o r  i ons .  

l i v e l y  p r o g r e s s  of fundamental rate theory (2)  dur ing  t h e  last  few y e a r s  w i l l  i n  

g e n e r a l  n o t  b e  r e f l e c t e d  i n  t h i s  review. 

e l emen ta ry  r e a c t i o n s  w i l l  be open t o  i n v e s t i g a t i o n  by s i n g l e - c o l l i s i o n  methods 

(e.g.  c r o s s e d  x l e c u l z r  beam) i n  add i t ion  t o  t h e  v a r i e d  arserial of 5i;lk methods 

(wi th  i n c r e a s i n g  s o p h i s t i c a t i o n  of s p e c i f i c  quantum s t a t e  a n a l y s i s )  is  u n f o r t u n a t e l y  

The p r e s e n t  

It w i l l  n o t  p r e s e n t ,  s p e c i f i c a l l y ,  

The seemingly c h a o t i c  d i v e r s i t y  and 

The 

The day when t h e  d e t a i l e d  course of most 
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not yet at hand - except for alkali atom reactions - but, hopefully, it is not far 

off. Until then, we must rely on chemical kinetic information obtained by various 

methods such as discharge-flow, flash photolysis, steady photolysis, high temperature 
I 

I kinetics and mechanism, flame sampling, shock-tube, and others. 

Symposium where the interest centers on reactions of simple atomic species at 

For the purpose of this 
i t  
I 

0 
htezperatures from about 200 to 1000 K ,  the discharge-flow method has become the most 

I 

widely used. Its many variants include formation of reactive species in glow 

discharges, in thermal sources, or by chemical reaction of energetic precursors; 

reaction with added molecules along a cylindrical flow tube or in stirred-flow ' 

I reactor; and detection by measurement of a simply related chemiluminescent emission, 

by wire calorimetry, optical absorption, e.s.r. absorption, mass spectrometry, gas 

I titration of the reactive species, or by other methods, A s  one reviews the 

published results of such experiments critically, one should keep in mind all 

inherent limitations or assumptions which will tend to reduce the accuracy of their 

results. 

pressure in the 0.1 to 10 Torr range, of all flow rates (properly reduced to cm 

For example, the experimental errors introduced in the measurements of 
3 

1 sec N.T.P. or particles sec-l), and of the geometry of the flow tube or reactor, - 

and thereby the elapsed time-are likely to result in a minimum probable error of about 

10% in the resultant rate constant. Next, major uncertainties arise from the 

oversimplification of the gas flow and from uncontrolled side reaction. Thus, for 

relatively slow reactions , concurrent surf ace recombination is always a serious 

problem: and for very fast reactions whose rate often can not be reduced by lowering 

reactant -oncentrations because of detector sensitivity, the flow velocity is likely 

1 
1 

I 

~ 

4 -1 I to be high (0.2 to 1 x 10 cm sec ) which complicates the reactant mixing problem, 

impedes the establishment of Poijeuille flow, and introduces axial pressure 

gradients. Probable errors of 10% due to these causes would seem to be conservative n estimates in mosc cases. Finally, there are the errors associated with the 

method of detection. These are particularly serious when the absolute 
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ion of a r e a c t i v e  s p e c i e s  must be known as i n  t h e  c a l c u l a t i o n  of bimole- 

c u l a r  rate c o n s t a n t s  f o r  t h e  r e a c t i o n  involving two such molecules.  

u n c e r t a i n t i e s  i n  t h e  o p t i c a l  o r  eosu r .  abso rp t ion  c o e f f i c i e n t ,  d i s c r i m i n a t i o n  

e f f e c t s  i n  mass spec t romet r i c  a n a l y s i s ,  unknown d e t e c t i o n  e f f i c i e n c y  and d i f f u s i o n  

e f f e c t s  i n  probe c a l o r i m e t e r s ,  and t i t r a t i o n  e r r o r s  ( e s p e c i a l l y  o v e r t i t r a t i o n )  i n  

chemiluminescent t i t r a t i o n s ,  w i l l  add f u r t h e r  e r r o r s  which w i l l  u s u a l l y  amount 

t o  a t  least 10 t o  20%. It i s  c l e a r ,  of cour se ,  t h a t  i n  any one series of 

measurements most of t h e s e  e r r o r s  w i l l  t end  t o  remain f a i r l y  c o n s t a n t ,  and t h a t  

t h e r e f o r e  t h e  average d e v i a t i o n  from t h e  mean i n  such a series i s  l i k e l y  t o  b e  much 

smaller than  t h e  t r u e  probable  e r r o r ,  

between p r e c i s i o n  and accuracy would seem t o  be o u t  of p l a c e  i n  such a review, were 

i t  n o t  f o r  t h e  alarming rise i n  the  claimed accuracy of many r e p a r t e d  k i n e t i c  

parameters .  Thus, claims of a probable e r r o r  ( s i n g l e  s t anda rd  d e v i a t i o n )  i n  a 

rate c o n s t a n t  of less than  about 515% should i n  most cases be d i s r ega rded .  

example, one may c i t e  one of t h e  most e a s i l y  measured ra te  c o n s t a n t s  by discharge-  

flow t echn iques ,  the recombination r a t e  c o n s t a n t  f o r  0 + NO +- 0 

i s  n o t  a s u b j e c t  of t h i s  review - f o r  which s i x  s e p a r a t e  i n v e s t i g a t i o n s  have r e p o r t e d  

v a l u e s  o f  5.1, 5.1, 6.0, 6 - 0 ,  a. 6, and 8.0 x 10 

though t h i s  i s  a pseudo f i rs t  o r d e r  process i n  whi'ch t h e  c o n c e n t r a t i o n s  of NO and 

O2 are e a s i l y  measured and remain cons t an t  and t h a t  of 0 t h e r e f o r e  need no t  be 

known i n  a b s o l u t e  magnitude. 

11. R e v i e w  of Recent Rate Data, 

I n  such cases, 

This  r a t h e r  obvious reminder of t h e  d i f f e r e n c e  

As an 

+ NO2 + O2 - which 2 

-32 -2 -1 cm6 molecule see, , even 

The w r i t i n g  of t h i s  review was much a ided  by o t h e r  r e c e n t  summaries, 

e s p e c i a l l y  by t h e  e x c e l l e n t  e v a l u a t i o n  of k i n e t i c  rate d a t a  of Schof i e ld  (3) and 

by o t h e r  review ar t ic les  ( 4 , 5 , 6 ) .  Reactions w i l l  be d i scussed  i n  t h e  approximate 

o r d e r  of t h i s  a u t h o r ' s  earlier review (l), beginning wi th  r e a c t i o n s  of H, followed 

by OH, H02, H2, and H 0, and ending with a few r e a c t i o n s  of C02, N20, CH4, and of 

N a .  Molecular u n i t s  (cm molecule sec o r  cm6 molecule-2 sec - l )  w i l l  be  used 

2 
3 -1 -1 
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throughout,  and should be assumed t o  apply when n o t  s p e c i f i e d .  

c o n s t a n t s  are r e p o r t e d ,  i .e .  f o r  t h e  r e a c t i o n  

S p e c i f i c  rate 

2 A + B +  

2 A + M - +  

For each 

given i n  

0 r e a c t i o n ,  t h e  energy change a t  a b s o l u t e  zero temperature ,  AEo, w i l l  be  

u n i t s  of k c a l  mole-', based on thermochemical d a t a  from t h e  JANAF t a b l e s  

(7) .  Where t h i s  au tho r  is  unaware of new work s i n c e  h i s  earl ier review, t h a t  

recommended va lue  w i l l  b e  r epea ted  without d i s c u s s i o n  f o r  i n c r e a s e d  u s e f u l n e s s ,  

L a s t l y ,  apo log ie s  are aga in  i n  o r d e r  f o r  p o s s i b l e  crimes of omission 

A. Reactions of H-atoms 

1. H + H + M -+ H2 + M, AI$ = - 103,26 

Th i s  r e a c t i o n  i s  not  of aeronomic i n t e r e s t ,  I t  con t inues  t o  

ove r  a wide temperature range,  because i t  i s  t h e  most important  test 

o r  commission, 

be s t u d i e d  

case of theory 

and experiment of atom recombination. La rk i r  and Thrush (8) s t u d i e d  t h e  T 

dependence (213 t o  349'K) f o r  M = A r  and found k = 1 , 2  x (273/T)Oo7, i n  f a i r l y  

good agreement w i t h  t h e  theory of Benson and Fueno (9), al though t h e  l a t te r  p r e d i c t s  

a weaker T dependence (-1 -Oo3 f o r  a Lennard-Jones p o t e n t i a l  for H + H c o l l i s i o n  

complexes). 

The e x t e n s i v e  work a t  high T by shock tube  techniques can no t  be reviewed 

he re .  

and h i s  k e x t r a p o l a t e s  w e l l  t o  discharge-flow d a t a  n e a r  300 K. 

i s  abou t  t e n  times l a r g e r .  Hurle  (11) is i n  good agreement wi th  Su t ton  f o r  

M = H2, b u t  r e p o r t s  a very  much l a g e r  k f o r  M = H; wi th  a ve ry  l a r g e  n e g a t i v e  T 

dependence, T 

l a t a b l e  t o  300°K, and Hurle i s  reported t o  have seen  k come t o  maximum va lue  nea r  

3000 K and t o  appear t o  dec rease  again a t  lower T (12). Rosenfeld (12) has  

sugges t ed  an e x p l a n a t i o n  f o r  t h i s  i n t e r e s t i n g  obse rva t ion ,  More experimental  work 

is  needed,  e s p e c i a l l y  i n  an in t e rmed ia t e  T range. 

S u t t o n  (10) f i n d s  a T-' dependence between 2800 and 4500°K f o r  M = H 2 ,  

0 H i s  k f o r  M = H 

-7 , between 4000 and 6000°K0 Such a v a l u e  i s  c l e a r l y  n o t  extrapo-  

0 

Although t h e r e  i s  q u a l i t a t i v e  



chemiluminescent r e a c t i o n  t o  form HNO* (15) .  

5 .7  x compared t o  3.8 x 

( 1 6 ) ,  and t h e  r e l a t i v e  e f f i c i e n c y  of M i n  t h e  recombination, nsrmalized t o  

For M = H2, k i s  now found t o  b e  

i n  t h e  earlier work of t h e  same l a b o r a t o r y  

5 
agreement on t h e  r e l a t i v e  e f f i c i e n c y  of d i f f e r e n t  M, i . e ,  A r q N  4H O<H <H, t h e r e  

remain wide d i s c r e p a n c i e s  i n  t h e i r  exact magnitude. 

2 2  2 

45.9 2.  H + 0 2 + M + H 0 2 i - M  AEo = - 
Two s t u d i e s  nea r  300°K, one using chemiluminescent (13) and t h e  o t h e r  

0 

probe (14) d e t e c t i o n  have shown t h i s  t o  b e  a "normal" three-body atom-molecule 

recombination wi th  a k of 3 2 1 x (M = A r )  and a r a t i o  a f  about 20 f o r  

kH2O: k From t h e  M-effect on t h e  second explosion l i m i t  of H - 0 exp los ions  

nea r  800°K, s imi la r  r e l a t i v e  M-efficiences a r e  ob ta ined  which p l a c e  H e  and 0 nea r  

2 2 

2 

A r ,  N 1 .5  t o  2 t i m e s  l a r g e r ,  H 3 times l a r g e r -  Schoffeld (3) combined most 2 2 

a v a i l a b l e  rate d a t a  t o  o b t a i n  k = 3 x 

approximately c o r r e c t  a l though t h e  T - la3  dependence is  weaker than  t h a t  of s e v e r a l  

(273JT) lo3  which is l i k e l y  t o  be 

s imilar  recombinat ionso 

3, H + 0 2 + O H + 0  AEz = 16,63 

The r e a c t i o n  is  s u f f i c i e n t l y  endothermic t o  be of no d i r e c t  importance. There is  

no expe r imen ta l  information on t h e  i n t e r e s t i n g  p o s s i b i l i t y  of a forward r e a c t i o n  

wi th  02, X C- VI'  >4  o r  with 02, a' A* o r  b1 E' 

r e v e r s e  r e a c t i o n ,  5 2 x 10 , (l), and t h e  e q u i l i b r i u m  c o n s t a n t ,  2 1  exp 

(16.8/RT), a va lue  of 1 x lo-' exp (-16.8/RT) i s  ob ta ined  i f  t h e  r e v e r s e  r e a c t i o n  

3 From t h e  ve ry  l a r g e  k of t h e  
g g o  - g'  

-I1 . 

k is  assumed t o  be T independent.  I f  t h e  r e v e r s e  r e a c t i o n  produces s u b s t a n t i a l  

v i b r a t i o n a l  e x c i t a t i o n  i n  02, t h e  above "thermal" k would be too  l a r g e ,  

Parge pre-exponent ia l  f a c t o r  i n d i r e c t l y  suppor t s  such a p o s s i b i l i t y o  

The very 

AEO = - 48.6 
0 

4. H + N O + M + H N O + M  

F u r t h e r  work on t h i s  r e a c t i o n  s i n c e  t h e  las t  review included measurement of k a t  

293OK f o r  s i x  M as w e l l  as measurement of t h e  r e l a t i v e  M e f f e c t  i n  t h e  concurrent  

M = H are: 2 H e  - 0.47, Ar-0.54, C02  - 1.1, N 2 0  - 1.2 ,  SF6 - l o g ,  H 2 0  - 3.3. 

The fo rma t ion  of HNO* w a s  found t o  depend on M i n  a similar mannero The f u r t h e r  

b imolecu la r  r e a c t i o n ,  2 HNO -+ N 0 i H 0 w a s  i n v e s t i g a t e d  by Clyne ( 1 7 )  who plzced 2 2 



6 
a lower l i m i t  of 0 - 5  x 1 0  on i t s  rate c o n s t a n t ,  and by Kohout and Lampe (18) 

who f i n d  k = 6.7 2 i n  a pho to lys i s  mass spectrometer  study. 

-16 

No new work i s  a v a i l a b l e .  The d i r e c t  measurement of P h i l l i p s  and Sch i f f  

(19) a t  300°K gave 4,8 2 0.5 x lo-*', and an i n d i r e c t  one by Rosser and Wise (20) 

gave much t h e  same va lue  nea r  500 K O  

(3) who r e p o r t e d  i t  as 2 x 10 Further mp-gblished work a t  t h i s  a~thor's 

6) The la t te r  v a l u e  w a s  misread by Schof i e ld  

-9 

former l a b o r a t o r y  has  confirmed t h e  e a r l i e r  conclusion t h a t  t h e r e  i s  very l i t t l e  

i f  any v i b r a t i o n a l l y  e x c i t e d  OH formed i n  t h e  r e a c t i o n ,  

6 ,  H + O 3  -9 OH + O2 ,AE3 = - 7 r s l  
C 

This  r e a c t i o n  w a s  ex rens ive ly  discussed i n  the  e a r l i e r  review (11, No new 

-- 1.1 d a t a  are a v a i l a b l e  on i t s  rate cons t an t ,  2 ,6  + 0.5 x 10 a t  300'K as r epor t ed  

by P h i l l i p s  and Sch i f f  (19). Fu r the r  work i n  t h e  a u t h o r ' s  fermer l a b o r a t o r y  has 

confirmed t h e  formation of v i b r a t i o n a l l y  h i g h l y  e x c i t e d  OH as a major r e a c t i o n  

product  and has  provided in fa rma t ion  on i t s  c o l l i s i o n a l  d e a c t i v a t i o n  by v a r i o u s  

added gases .  Anlauf, Macdcnald, and Polanyi (21) ha-:e r e c e n t l y  s t u d i e d  t h e  i n f r a r e d  

chemiluminescence of t h i s  r e a c t i o n  a t  p ' ressures  dcwn t o  

where OH would e i t h e r  react o r  be deac t iva t ed  t o  v'l = 0 a t  t h e  w a l l  of t h e  

TOIT under cond i t ions  

i 

r e a c t o r ,  

OH w i t h  i n c r e a s i n g  popu la t ions  up t o  VI' = 9 ,  t h e  h ighes t  available l e v e l ,  and 

about 80 t o  85% of a l l  mclecules i n  VI" 4 i f  t h e  popu la t ions  i n  VI' = 0 t o  2 are 

The i n f r a r e d  emission i n d i s a t e d  a h igh ly  non-BoPtzmann d i s t r i b u t i o n  of 

;t 

e s t i m a t e d  by e x t r a p o l a t i o n ,  This  r e s u l t  IS i n  good agreement with t h e  e a r l i e r  

u,v. a b s o r p t i o n  work (1) i n  which only molecules wi th  Y" = 0 and 1 were observed,  

The v a r i o u s  f a t e s  of OH' as a r e s u l t  of r a d i a t i o n ,  p h y s i c a l  quenching, o r  chemical 
* 

r e a c r i o n s  were p resen ted  i n  t h e  e a r l i e r  review, 

r e a c t i o n  wi th  0 has  been f u r t h e r  c l a r i f i e d  by DeMore ( 2 2 )  who showed t h a t  t h e  

r e a c t i o n  between OH and 0 may produce H 9 2 0 v i a  h igh ly  e x c i t e d  HO a f t e r  a 

s i n g l e  c o l l i s i o n  r a t h e r  than only by two success ive  c o l l i s i o n a l  p rocesses ,  i . e .  

The d e t a i l e d  course of i t s  

3 

2 2 
4- 

3 
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+ OH + O3 +* OH + O2 + 0 ,  followed by OH + 0 + O2 + H (1) 

t h e  y i e l d  of OH, v" = 0 ,  does n o t  i nc rease  s t r o n g l y  when very s m a l l  concen t r a t ions  

This  h e l p s  e x p l a i n  why 

I 3' of H are r e a c t e d  wi th  excess  0 

7. H + O H + H 2 + 0  = - 1.9 

I This  rate cons t an t  is b e s t  obtained from i t s  mush s t u d i e d  r e v e r s e  r e a c t i o n  

i 
f o r  which t h r e e  new va lues  have been r epor t ed  s i n c e  t h e  l as t  review: 

7 x exp (-10.21RT) (23) ,  2 x 10-l' exp (9,2/RT) (24) ,  and I 
I 

8 x lo-'' exp (-10.2/RT) (25) Combined with t h e  e q u i l i b r i u m  c o n s t a n t ,  

k = 0,44 exp (1.87/RT), and us ing  t h e  l a r g e r  a c t i v a t i o n  energy,  one o b t a i n s  

3 x 10"' exp (8.3/RT) which, a l though d i f f e r i n g  f a i r l y  s u b s t a n t i a l l y  from t h e  
, 

earlier recommended expres s ion  ( a ) ,  does n o t  y i e l d  very d i f f e r e n t  rate c o n s t a n t s  
I 

nea r  300°K. 

8. H + H02 .+ 20H 38.8 AEo = - 0 

57.3 AEo = - 0 8' .  H + H02 -+ H2 + O2 

No new work i s  a v a i l a b l e .  The earlier rough estimates of k -12 3 x 10 
I 8 -  

s t a n d  (1). 

B. React ions of OH. 

9 ,  2 OH + H20 + 0 AE: = - 16,7 

-12 
S ince  t h e  earlier work (1) which reported 1,4 2 0 , 3  x 10 

( t h e  quoted 2.8 x 

rate c o n s t a n t )  

(26) found 2 - + 0.6 x 

l a te r  work i n  t h e  same l a b o r a t o r y  (27) l e d  t o  2.6 5 0.25 x 10 

a t  300'K 
I 

~ 

r e f e r r e d  t o  -d [OH]/d', = k [0Hl2, i.e. twice t h e  s p e c i f i c  

s e v e r a l  o t h e r  v a l u e s  have been publ ished.  
I 

Westenberg and deHaas 
I 

by a s h i l a r  method excep t  f o r  e,s .r .  d e t e c t i o n ,  and 

-12 (The s t a t e d  

e r r o r s  are s i n g l e  s t a n d a r d  d e v i a t i o n s  c a l c u l a t e d  from t h e  publ ished d a t a ) .  

Wilson and O'Donovan (28) r e c e n t l y  re-analyzed Herron 's  (29) d a t a  on t h e  CO + OH 

r e a c t i o n  and c a l c u l a t e d  1.1 3 0.1 x 10  

performed similar experiments which y i e lded  2.1 5 0,l x 10 

-12 f o r  t h e  OH + OH r e a c t i o n .  They then  

-12 , b u t  r e j e c t e d  both 
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-12 i n  f avor  of t h e i r  earl ier 2.6 2 0.25 x 10 (28 ) .  Seve ra l  of t h e s e  a u t h o r s  err 

i n  c la iming excess ive  accuracy as discussed i n  t h e  i n t r o d u c t i o n ,  i .e. they simply 

r e p o r t  t h e  average d e v i a t i o n  from t h e  mean of t h e i r  c a l c u l a t e d  v a l u e s ,  which i s  

sometimes as low as 5 3%. 

measurements, 1.4 rf: 0 . 3  x 10 by U.V. o r  2.6 5 0.25 x 1 0  by e.s.r. abso rp t ion ,  

It i s  d i f f i c u l t  t o  assess which of t h e  two p r i n c i p a l  

-12 -12 

i s  more r e l i a b l e .  Experimental ly ,  t h e  U.V. va lue  has  a s l i g h t  edge, because i t  

averages OH ove r  a s h o r t e r  d i s t a n c e  along t h e  flow tube ,  pe rmi t s  i t s  measurement 

c l o s e r  t o  t h e  mixing p o i n t  where OH i s  produced, and uses  a b e t t e r  mixing dev ice  

f o r  t h e  p a r e n t  H + NO2 r e a c t i o n .  

o s c i l l a t o r  s t r e n g t h  of t h e  p e r t i n e n t  e l e c t r o n i c  t r a n s i t i o n ,  2C+ - 2 ~ ,  and a r e s u l t  

f = 7 .1  5 1.0 x w a s  ob ta ined  (30) i n  good agreement wi th  t h e  b e s t  d i r e c t  

measurement of t h e  r a d i a t i v e  l i f e t i m e  (31) which y i e l d s  8.0 fi 0.8 x The 

The u.v, method w a s  a l s o  used t o  measure t h e  

0 9 0  

e f f e c t  of adopt ing t h e  s l i g h t l y  h ighe r  f would be a p r o p o r t i o n a l  dec rease  i n  a l l  

OH c o n c e n t r a t i o n s  a n d  an i n c r e a s e  of  k from 1.4 t o  1 . 6  rf: 0 . 3  x 10 -12 . The higher  

e.s.r. v a l u e ,  on t h e  o t h e r  hand, is supported by measurement of t h e  r a t i o  

[02u [C02&t l a r g e  r e a c t i o n  times when t h e  OH + CO r e a c t i o n  occur s  concur ren t ly ,  

even though t h i s  suppor t  is  p red ica t ed  on t h e  c o r r e c t n e s s  of t h e  OH + CO rate 

c o n s t a n t .  -11 Very l i k e l y ,  t h e  c o r r e c t  k w i l l  l i e  somewhere between 1.4 and 2,6 x 10 , 
b u t  exaggerated claims of high accuracy should be disregarded.  

10. 

No f u r t h e r  work i s  a v a i l a b l e .  

OH + 0 -+ O2 + H A E ~  = - 16.6 

The earlier va lue  of 5 5 2 x 10-l' a t  300°K 

s t a n d s .  

0 
11. OH + O3 -+ H02 + O2 LEo = - 38.3 

Debfore's r e c e n t  p h o t o l y s i s  work (22,32) suppor t s  t h e  earlier conclusion (1) 

t h a t  ground-state  OH does n o t  r e a c t  r a p i d l y  wi th  O3 ( k -  5 x 

OH from t h e  H + 0 r e a c t i o n  does s o G  No d i r e c t  proof is  a v a i l a b l e  f o r  t h e  o f t e n  

invoked chain decomposition of O3 by t h i s  r e a c t i o n  follpwed by 

H02 + O3 -+ OH + 202, and such a scheme should n o t  be p o s t u l a t e d  without  proof .  

With h i g h l y  e x c i t e d  OH , t h e  r e a c t i o n  proceeds t o  g i v e  H + 20 as p rev ious ly  

whereas e x c i t e d  

3 

3 
2 
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discussed. 

12 0 

The 

indirect 

13. i: 

TWO 
5 

72.1 0 OH + H02 -t H20 + O2 AEo = - 
earlier recommendation of a fast reaction, k on the basis of 

information on HO production, still stands. 2 

OH 4- H2 -f H20 + H 14.7 AEo = - 0 

0 new measurements of this rate constant at 300 K have been reported, both 

-15 in good agreement with the earlier value of 7 5 2 x 10 

Wilson, and Westenberg (27) find 6.5 2 0.5 x by e.s,r, and Greiner (33) 

6,7 5 0.4 x 

flame and shock tube data, this value has led to several Arrhenius expressions for 

k such as 6.3 x 10 exp (-5.49/RT) ( 3 ) ,  

1 x 10-l' exp (-5.9/RT) (l), and 3 . 8  x 10-l' exp (-5.2/RT) (27) which are also in 

close agreement over the relevant T range, 

(1). Dixon-Lewis, 

by flash photolysis and kinetic spectroscopyd Combined with 

-11 

C. Reaction of H02 

No new information is available for the reactions 
-12 

0 + H02 -t OH i- 02, k L 

(specific rate constant) (1). 

(1) and 2 H02 -f H 0 + 02, k = 1.5 x 10 

have 

D. Reactions of H2 

14. 0 i- H2 -t OH + H A E ~  = + io9 

Several new studies of this important reaction of ground-state oxygen, 3P,  

been reported, as noted above in the discussion of the reverse reaction. The 

rate expressions are : 

7 x 

8 x 10-l' exp (-~O.~/RT) (25). Combining the first two of these with the earlier 

2 x 10 (-9.4/RT) (34), Schofield suggested 2,l x 10 exp (-9.4/,RT) ( 3 ) .  The 

most recent of these investigations, by Westenberg and deHaas (25) who use the 

discharge-flow method and e.s.r. detection, also indicates deviations from an 

Arrhenius expression at the low T end of their range (350'K) which may be due to 

tunnelling. 

exp (-10.2/RT) (23), 2 x 10-l' exp (-9.2RT) (24), and 

-11 -11 

The higher activation energy of 10.2 kcal seems to be slightly 
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p r e f e r a b l e ,  and an expres s ion  7 x exp (-10.2/RT) is recommended. 

E. 

A s  a d d i t i o n a l  s p e c i e s  are brought i n  f o r  c o n s i d e r a t i o n  and review, t h e  number 

Reactions of CO and C02 

of p o s s i b l e  r e a c t i o n s  i n c r e a s e s  exponen t i a l ly .  Only ve ry  few of t h e s e  r e a c t i o n s  

w i l l  be d i scussed ,  however, p a r t l y  because of low aeronomic i n t e r e s t  and p a r t l y  

because of t h e  p a u c i t y  of l a b o r a t o r y  data ,  Moreover, a l l  r e a c t i o n s  of e x c i t e d  

states are d i scussed  elsewhere.  

24-4 0 
15,  OH + CO + H + C02 AEo = - 

Three r e c e n t  measurements nea r  300°K have shown t h a t  t h i s  r e a c t i o n  has  a 

much smaller a c t i v a t i o n  energy than h e r e t o f o r e  be l i eved .  Thus, Westenberg and 

F r i s t rom (35) combined a v a i l a b l e  k i n e t i c  d a t a  i n  1964 t o  g ive  t h e  rate expression 

1.2 x exp (-7.7/RT), based i n  p a r t  on i n c o r r e c t  e a r l y  d i s c h a r g e  work (36).  

Y e t  s i n c e  then,  a l l  measurements have i n d i c a t e d  t h a t  Ec2  kca l .  Herron (30)  

r e p o r t e d  8.5 If: 3 x a t  300°K and de r ived  1 .5  x exp (-l.a/RT) by 

combination wi th  exp los ion  and flame d a t a ;  Dixon-Lewis, Wilson, and Westenberg 

(28) o b t a i n e d  1.9 x a t  300°K and de r ived  5.0 x 

( 3 4 )  o b t a i n e d  1.5 x a t  300°K; and Wilson and O'Donavan (29) a l s o  ob ta ined  

1.5 x 

exp (-OO6/RT); Greiner  

a l though they p r e f e r  t h e  somewhat h ighe r  1 . 7  x based on t h e  

ear l ier  measurement of r e a c t i o n  9. 

c o n s t a n t  has  also been proposed (28) but i s  s u r e l y  n o t  warranted i n  view of t h e  

A t h r e e  parameter expres s ion  f o r  t h i s  rate 

l a r g e  s p r e a d  of n e a r l y  an  o r d e r  of magnitude i n  t h e  high T d a t a .  

9 x exp (-l.O/RT) i s  suggested,  a l b e i t  without  s p e c i a l  evidence. 

A compromise of 

The reverse r e a c t i o n  i s  endothermic and t h e r e f o r e  q u i t e  slow. Using t h e  

e x p r e s s i o n  2.3 x exp (+24.7/RT) f o r  t h e  e q u i l i b r i u m  cons tan t  over  t h e  range 

300 t o  1000°K, t h e  reverse k is  4.0 x 10 
-10 exp (-25.7/RT). A t  1000°K, t h e  

e q u i l i b r i u m  cons tan t  is  620 which shows t h a t  t h e  reverse r e a c t i o n  is n o t  a l t o g e t h e r  

n e g l i g i b l e .  
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16. 

Our understanding of t h i s  s i m p l e  recornbination r e a c t i o n  is  s t i l l  i n  a most 

0 + CO + M + C02 1: M BE: = - 125. 75 

u n s a t i s f a c t o r y  s ta te .  There I s  gene ra l  agreement t h a t  t he  r e a c t i o n  is  a t  least 

two t o  t h r e e  o r d e r s  of magnitude slower than  "normal" recombinations such as 

0 + NO + M o r  H + 0 + M y  and t h e r e f o r e  d i f f i c u l t  t o  s tudy i n  low p r e s s u r e  flow 

systems, But t h e r e  has  been l a c k  of agreement whether t h e  p rocess  i s  of second 

2 

o r  t h i r d  o r d e r  i n  t h e  Tor r  p r e s s u r e  range, and whether i t  has a p o s i t i v e  o r  

n e g a t i v e  T dependence. Clyne and Thrush (37)  found no measurable r e a c t i o n  a t  

293 K a t  a t o t a l  p r e s s u r e  of 2 Torr and CO p a r t i a l  p r e s s u r e  up t o  0.5 Tor r ,  and 0 

-35 p l aced  an upper l i m i t  of 8 x 10 on the t h i r d  o r d e r  k ,  They a l so  r e p o r t e d  a 

second o r d e r  chemiluminescent rate cons t an t  of 1 x 10-17 exp (-3.7/RT) f o r  M = 02 ,  

i n d i c a t i n g  s m a l l  energy b a r r i e r ,  Mahan and Solo (38) claim t h e  recombination 

t o  be second o r d e r  t o  p r e s s u r e s  as l o w  as 0.2 Torr  and r e p o r t  

k = 1.6 x 10 exp (-4.OiRT) f o r  t h e  o v e r a l l  r e a c t i o n  and 2 x exp (-9.5RRT) -14 

f o r  t h e  Chemiluminescent r e a c t i o n ,  The former va lue  is almost f o u r  times as l a r g e  

as t h e  above upper l i m i t  a t  2 Torr  and t h e r e f o r e  i n c o n s i s t e n t  w i t h  i t ,  Hartunian,  

Thompson, and H e w i t t  (39)  s t u d i e d  only t h e  chemiluminescent r e a c t i o n  i n  a glow- 

d i s c h a r g e  shock tube  and r epor t ed  1 , 6  x 10 exp (-2.5/'RT) i n  f a i r  agreement wi th  

r e f .  37 and i n  good agreement w i t h  a value 0,5 x 10 exp (-2,5/RT) ob ta ined  by 

Myers and Bartle (40) from shock tube  work nea r  3000°K0 

-18 

-18 

Avramenko and Kolesnikova 

(41) a l s o  r e p o r t e d  t h e  o v e r a l l  r e a c t i o n  t o  be second o r d e r  w i th  

k = 1.6 x exp (-3.8/RT), bu t  t h i s  v a l u e  g i v e s  much too h igh  a k at  300°K 

and i s  i n  s t r o n g  disagreement w i t h  a r ecen t  measurement by Mulcahy and W i l l i a m s  

(42) whose measured 0 + CO rate i s  100 t i m e s  slower than t h e  above a t  456 K. In 0 

a l l ,  i t  seems l i k e l y  t h a t  t h e  r e a c t i o n  has  a small energy b a r r i e r  and i s  t h i r d  

o r d e r ,  i n  t h e  few Torr  p r e s s u r e  range, b u t  a d e f i n i t i v e  experimental  s tudy  has  y e t  

t o  b e  undertaken.  
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17.  

The n e u t r a l  chemistry of N 0 is un l ike ly  t o  be of much importance i n  aeronomy 

H i- N20 + OH + N 2  AEO = - 62,8  
0 

2 

because a l l  i t s  r e a c t i o n s  invo lve  f a i r l y  l a r g e  energy b a r r i e r s .  This is  t r u e  of 

t h e  r e a c t i o n  0 + N 0 -f 2N0 whose energy of a c t i v a t i o n  i s  nea r  25 k c a l  and i t  a l s o  

a p p l i e s  t o  t h i s  r e a c t i o n  al though t o  a lesser e x t e n t .  The H -+ N 0 r e a c t i o n  w a s  

i n v e s t i g a t e d  i n d i r e c t l y  by Fenimore and Jones (43) at 1260 t o  1780°K by flame 

probe methods. 

2 

2 

These a u t h o r s  r epor t ed  7 x 10"O exp (-16,3/RT), b u t  t h i s  r e s u l t  

w a s  based on t h e  h igh  va lue  of t h e  a c t i v a t i o n  energy f o r  r e a c t i o n  13 ,  and t h e  

rate expres s ion  should t h e r e f o r e  now be changed t o  1 .3  x lo-'' exp (-11,3/RT). 

This  is i n  f a i r  agreement wi th  more r ecen t  measurements by Dfxon-Lewis, Su t ton ,  

and Willfams ( 4 4 )  whosek's i n d i c a t e  a similar a c t i v a t i o n  energy of 10.1 k c a l  b u t  

are smaller i n  magnitude. Schof i e ld  (3)  sugges t s  t h e  rate expres s ion  

5 x 10-l' exp (-10,8/RT) as a mean of t he  a v a i l a b l e  da t a .  Because of slowness of 

t h i s  and o t h e r  N 0 r e a c t i o n s  and because of t h e  low concen t r a t ions  of r e a c t a n t s  

i t  seems clear t h a t  i t s  photoshemistry w i l l  be of much g r e a t e r  importance than  t h e  

2 

above c o l l i s i o n a l  processes.. 

2.8 AEo =: - 0 

3 * H2 18. 

The above remarks are a p p l i c a b l e  here. With t h e  except ion 0f t h e  r e a c t i o n  

w i t h  0,  I D ,  which i s  n o t  covered i n  t h i s  review, a l l  o t h e r  n e u t r a l  r e a c t i o n s  of 

H + CHI; -+ CH 

CH of aeronomic a p p l i c a b i l i t y  involve energy b a r r i e r s  and are l i k e l y  t o  be slow 

compared w i t h  p h o t o e x c i t a t i o n  o r  d i s s o c i a t i o n ,  For t h e  p r e s e n t  r e a c t i o n ,  t h e  

4 

AEZ of  2.8 k c a l  

a v a l u e  o f  -0.6 

of fo rma t ion  of 

c a l c u l a t e d  from t h e  JANAF t a b l e s  should probably be r ep laced  by 

k c a l  based on Golden, Walsh, and Benson's ( 4 5 )  v a l u e  f o r  t h e  energy 

CH,; Twelve f n v e s t i g a t f o n s  of t h i s  r e a c t i o n  are c i t e d  i n  a r e c e n t  
J 

review ( 4 ) .  

-10 
e x p o n e n t i a l  v a l u e s  from t o  5 x 10 , b u t  t h e r e  i s  much b e t t e r  agreement on 

t h e  a b s o l u t e  v a l u e  of k than is ind ica t ed  by t h i s  l a r g e  sp read ,  Schof i e ld  (3) has  

combined t h e  d a t a  of Seven of t h e s e  s t u d i e s  i n  an Arrhenius p l o t  and r e p o r t s  

Reported a c t i v a t i o n  ene rg ie s  range from 4.5  t o  15.1 k c a l  and pre- 
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6.7 x lo-'' exp (-1lO6/RT) which i n d i c a t e s  t h a t  t h e  r e a c t i o n  i s  n e g l i g i b l y  slow nea r  

nea r  300°K0 

17.6 0 
19. OH + CH4 -+ H20 + CH3 AEo = - 

S i m i l a r  c o n s i d e r a t i o n s  apply he re  r ega rd ing  AEo which is  more probably - 15.4 

This  r e a c t i o n  has  been s t u d i e d  r epea ted ly  

0 

i n  view of t h e  r e c e n t  work on CH (45). 

by a v a r i e t y  of experimental  methods, with r e p o r t e d  a c t i v a t i o n  e n e r g i e s  ranging 

from 5.0 t o  9.0 kca l .  

1 .2  x 10-l' exp (-5.9/RT). 

3 

S c h o f i e l d ' s  (3)  a n a l y s i s  of most a v a i l a b l e  d a t a  y i e l d s  

I n  view of t h e  very r a p i d  r e a c t i o n  of OH w i t h  0 ,  t h e  

s t e a d y - s t a t e  OH concen t r a t ion  is  probably ve ry  s m a l l ,  and t h e  p r e s e n t  r e a c t i o n  i s  

of no importance. 

20. CH4 + 0 -f CH3 9 OH AEO e - 0.9 
0 

AE: i s  more probably + 1 . 3  k c a l  (45). 

ove r  t h e  T range 300 t o  1000°K are i n  s u r p r i s i n g l y  good agreement, 

(3) summarized t h e  a v a i l a b l e  d a t a  by the  rate expres s ion  5.3 x 10 exp (-7,95/RT), 

where t h e  s p e c i f i c  i n v e s t i g a t i o n s  ranged only from 6 ,9  t o  8.7 k c a l  i n  t h e i r  

Seve ra l  r e c e n t  s t u d i e s  of t h i s  r e a c t i o n  

Thus, Schof i e ld  

-11 

a c t i v a t i o n  ene rg ie s .  Since t h e  t i m e  of t h a t  summary, two more s t u d i e s  have been 

p u b l i s h e d ,  both us ing  discharge-flow e.s . r .  methods: Brown and Thursh (46) o b t a i n  

1 . 2  x exp (-7.7/RT) and Westenberg and deHaas (25) r e p o r t  

2.8 x lo-'' exp (-8.7/RT). The la t te r  expres s ion  probably r e p r e s e n t s  t h e  most 

a c c u r a t e  work, and s i n c e  i t  a l s o  covers a much l a r g e r  T range than  t h e  former,  i t  

i s  t o  b e  p r e f e r r e d .  It should b e  remembered t h a t  i n  t h i s  rate c o n s t a n t  t h e  

subsequent  r e a c t i o n  of CH wi th  excess 0 have been taken i n t o  account ,  i . e ,  t h e  

t o t a l  0-atom decay rate cons tan t  is  given by 4k. 

3 

21. Ng + 0, + M -f N a  0, + M 
L L 

No v a l u e  of AEo i s  given f o r  t h i s  r e a c t i o n ,  because N a  O 2  (g) i s  n o t  l i s t e d  i n  t h e  

JANAF t a b l e s .  There e x i s t s  a r e c e n t ,  i n d i r e c t  measurement of AE by MsEwan and 

P h i l l i p s  (47) of -65 2 3 k c a l ,  based on t h e  approach to  equ i l ib r ium of t h e  p r e s e n t  

0 
0 
0 

r e a c t i o n  i n  02- r i c h  H -0 -N flames.  Compared wi th  t h e  corresponding v a l u e s  of 
2 2 2  
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-45.9 f o r  H02, t h i s  seems unexpectedly high. 

2.0 x 

1380 t o  2030'K. 

Kaskan (48) of 0.8 x obtained from flame work a t  1 a t m  p r e s s u r e  i n  which 

t h e  r e a c t i o n  o r d e r  could n o t  be e s t a b l i s h e d .  

These a u t h o r s  a l s o  r e p o r t  a va lue  of 

f o r  t h e  rate c o n s t a n t ,  s u r p r i s i n g l y  independent of T over  t h e  range 

This  i s m  f a i r l y  good agreement w i t h  an  earlier measurement by 

Recent ly ,  t h e  p r e s s u r e  dependence 

of t h i s  p rocess  w a s  i n v e s t i g a t e d  by Carabet ta  and Kaskan (49) ove r  t h e  p r e s s u r e  

range from 100 t o  1520 Torr ,  and t h e  t h i r d  o r d e r  dependence w a s  v e r i f i e d .  A ra te  

c o n s t a n t  of 0.83 x 

dependence t h i s  w i l l  l e a d  t o  a range of 0.5 t o  2.5 x 10 

-1 t o  -2 was r e p o r t e d  near  1500°K. With an assumed T 

-32 n e a r  300°K, 200 t o  1000 

t i m e s  smaller than s i m i l a r l y  ex t r apo la t ed  r e s u l t s  of Bawn and Evans (50) which are 

probably too  l a r g e  because of n e g l e c t  of quenching of N a y  2P, by N2 as d i scussed  

by Blamont and Donahue (51).  However, t h i s  discrepancy appears t o o  wide t o  be 

br idged by c o r r e c t i o n  of t h e  d i f f u s i o n  flame d a t a  (50). The flame k's are smaller 

than  one would expec t  f o r  a f u l l y  allowed three-body p rocess  invo lv ing  a l a r g e  

atom and a moderately e l e c t r o n e g a t i v e  molecule, they show no T dependence ove r  a 

f a i r l y  l a r g e  range,  and they l e a d  t o  an unreasonably l a r g e  bond energy. Add i t iona l  

work a t  low T i s  needed, 

To t h i s  a u t h o r ' s  knowledge, no experimental  d a t a  are a v a i l a b l e  on t h e  k i n e t i c s  

O2 of t h e  r e a c t i o n  Na02 +- 0 * Ha0 +- 0 and N a O  + 0 + N a  9 0 I f  t h e  r e c e n t  Na - 
2 2 

bond s t r e n g t h  of 65 k c a l  is  c o r r e c t  and t h e  JANAF v a l u e  of 71.2 f o r  t h e  Na-0 bond 

s t r e n g t h  i s  accep ted ,  t h e  former process, is on ly  about 6 k c a l  exothermic and t h e  

l a t t e r  46.8 k c a l ,  only 1.7 k c a l  less than t h e  e x c i t a t i o n  energy of Na,2P1/2. 

The many o t h e r  exothermic r e a c t i o n  o f  Na-oxides w i t h  H o r  OH can n o t  b e  d i scussed  

f o r  l a c k  o f  any l a b o r a t o r y  information.  
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